ABSTRACT. The goal of this study was to characterize the transcriptome of primary bovine mammalian epithelial cells (pBMECs) and to identify candidate genes for response and resistance to Staphylococcus aureus (strain S108), Escherichia coli (strain E23), and Klebsiella pneumoniae (strain K96) infection. Using Solexa sequencing, approximately 4.9 million total sequence tags were obtained from each of the three infected libraries and the control library. Gene Ontology (GO) analysis of the S108-infected pBMECs showed differentially expressed genes (DEGs) were significantly involved in metabolic processes. In E23-infected pBMECs, DEGs were predominantly associated with cell death and programmed cell death GO terms, while in K96-infected pBMECs, DEGs were primarily involved in metabolic processes and in utero embryonic development. Analysis of the cluster of orthologous groups of proteins showed that the S108-infected, E23-infected and K96-infected pBMECs were significantly involved in "Translation, ribosomal structure and biogenesis", "General function prediction only" and "Replication, recombination and repair". The transcriptome sequences were also annotated for KEGG orthology, and it was found that DEGs in S108-infected pBMECs were significantly 16949 pBMEC gene expression after mastitis pathogen infection ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (4): 16948-16965 (2015) involved in oxidative phosphorylation and Parkinson's disease. The clustered pathway terms of the DEGs of the E23-infected pBMECs were found to involve the NOD-like receptor signaling pathway and oxidative phosphorylation, while those of the K96-infected pBMECs were primarily involved in oxidative phosphorylation and apoptosis. Our results have identified a number of immune-related genes that showed changes in gene expression after bacterial infection, and provided insight into the interactions between pBMECs and the bacteria.
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INTRODUCTION
Mastitis is the most economically important disease facing dairy producers worldwide costing an estimated $2 billion annually in the United States alone (Viguier et al., 2009; Jensen et al., 2013) . A variety of different bacteria and fungi can cause mastitis and the etiology of the infection influences its outcome. Gram-negative coliform bacteria most frequently cause acute inflammation and, eventually, severe mastitis (Burvenich et al., 2003) . Gram-positive bacteria, such as Staphylococcus aureus and Streptococcus uberis cause persistent, almost chronic, infections with the pathogens surviving inside host cells (Hensen et al., 2000) ; these pathogens often cause only mild symptoms.
Current mastitis control programs, which are based on milking time hygiene, antibiotic therapy, and culling of persistently infected cows, have resulted in considerable reduction of contagious mastitis pathogens such as Streptococcus agalactiae and S. aureus. However, these same procedures have had only a marginal effect on environmental pathogens such as Escherichia coli and Klebsiella pneumoniae because of their ability to survive in the environment of dairy cows. Thus, environmental mastitis pathogens have become a major problem of well-managed dairy farms following the reduction in contagious mastitis pathogens (Hogan et al., 1989) . The mechanisms underlying host responses to the pathogen species S. aureus, E. coli, and K. pneumoniae are largely unknown. The persistent infections cause large financial losses (Swinkels et al., 2005; Huijps et al., 2008) and, hence, it would be highly desirable to understand the mechanisms that prevent an effective immune defense against pathogens causing subclinical mastitis.
The on-going developments in mammalian genome resources and in high-throughput deep-sequencing technologies have expanded the potential range of analyses of gene expression changes, such as those in vivo as a result of mastitis due to S. aureus, E. coli, or K. pneumoniae infection. Digital gene expression (DGE) tag profiling allows one to identify millions of short RNAs and differentially expressed genes (DEGs) in a sample without the need for prior annotations (Wang et al., 2009) . Sequencing-based methods measure absolute gene expression and avoid many inherent limitations of earlier microarray-based assays (Wang et al., 2011) .
Bovine mammary epithelial cells (BMECs) produce milk and contribute significantly to immunity in the mammary glands (Aitken et al., 2011) . Cell models of host-pathogen interactions are much easier to standardize, promise better reproducibility, and eventually allow the analytical dissection of molecular mechanisms. With regard to immune defenses against mastitis, the immune relevance and capacity of milk cells, including sentinel cells and granulocytes, have been extensively characterized Dosogne et al., 2001; Rainard et al., 2000; Burvenich et al., 2003) . However, the immune relevance of MECs has only recently been recognized (Lahouassa et al., 2007) . The principle function of MECs is milk formation during lactation. Thus, MECs are the dominant cell type in healthy, uninfected milk parenchyma and are most likely the first cells to be confronted with a pathogen following its entry into the milk parenchyma. BMECs express many inflammatory mediators, such as cytokines and chemokines capable of mobilizing the appropriate defense strategies against invading pathogens (Alva-Murillo et al., 2013) ; their behavior is reminiscent of other epithelial tissues such as intestinal and respiratory epithelial tissues in which inflammatory responses have been demonstrated to mobilize neutrophils against microbial invaders (Dwinell et al., 2003; Moreilhon et al., 2004) .
Analysis of primary isolates of BMECs (pBMECs) allows examination of the specific contribution of MECs to the immune capacity of the udder. The principle immune relevance of such cultures has recently been established by the demonstration of inflammation dependent enhanced expression of a variety of candidate genes for immune reactions, such as cytokines, chemokines, toll-like receptors and beta-defensins (Pareek et al., 2005; Strandberg et al., 2005; Yang et al., 2008) . However, there are no reports describing the global transcriptional response of pBMECs after a pathogen challenge.
In the current study, to avoid variations in gene expression due to age, gender, and individual variability of cows (Jensen et al., 2013) , we examined the responses of pBMECs after infection with strains of three bacterial species (S108, E23 or K96), using the Illumina Genome Analyzer platform. Moreover, we screened the cells at 4 h after infection to identify differentially expressed transcripts in order to evaluate the early host response to the bacteria. Our data provide new insights into the complex bovine molecular pathways elicited by different bacterial species and to the role of these pathways in establishing host immune responses to mastitis.
MATERIAL AND METHODS

Bacteria and cell strain
E. coli (E23), S. aureus (S56) and K. pneumoniae (K96) (Capsular serotyping K2) were isolated originally from milk of cows with acute or persistent mastitis and were kindly provided by Professor YongQing Hao of Inner Mongolia Agricultural University. The three stains were grown on brain-heart infusion agar plates at 37°C. pBMECs were prepared from the udders of healthy, uninfected lactating cows and were grown in cell growth media in T75 tissue culture flasks as described previously and incubated at 37°C under 5% CO 2 in supplemented RPMI 1640 (10% fetal bovine serum, 0.2 mM L-glutamine, 100 U penicillin/mL, and 100 gstreptomycin/mL).
Cell infection
pBMECs were plated in 75 cm 2 flasks (6 x 10 6 cells per flask) in supplemented RPMI 1640 without antibiotics 1 day prior to infection. To infect the cells, they were co-cultured with the E. coli, S. aureus, or K. pneumoniae strains at 37°C under 5% CO 2 for 4 h at a multiplicity of infection of 100; no bacteria were added to negative control cultures.
RNA extraction for DGE
RNA samples were collected at 4 h post infection from three independent cultures of each treatment group. The cells were collected and centrifuged at 1500 rpm for 15 min. Control cells and adherent cells were homogenized in 1 mL TRIzol reagent (Tiangen, China) and total RNA was extracted following the manufacturer instructions. The RNA samples were incubated for 20 min at 37°C with 10 U of DNaseI (Takara, Japan) to remove residual genomic DNA. RNA integrity was determined by gel electrophoresis and RNA concentrations were quantified by measuring absorbance at 260 and 280 nm.
DGE design
We added Oligo (dT) magnetic beads to the total RNA to purify mRNA, and then used the Oligo (dT) as a primer to synthesize cDNA ( Figure 1 ). The 5' ends of tags were generated using NlaIII, which recognizes and excises CATG sites. Illumina adaptor 1 was ligated to the sticky 5' end of the digested bead-bound cDNA fragments; the junction of Illumina adaptor 1 and the CATG site acts as the recognition site for MmeI, which cuts 17 bp downstream of the CATG site and produces tags with adaptor 1. After removing the 3' fragments using magnetic bead precipitation, Illumina adaptor 2 was ligated to the 3' ends of the tags to generate tags with different adaptors of each end to form the tag library. The fragments were subjected to linear PCR amplification, purified by PAGE, and used for Illumina sequencing. Principle and procedure of Tag preparation. Beads of Oligo(dT) are used to enrich mRNA from the total RNA, and then are transferred into double-stranded cDNA through reverse transcription. Four base-recognition enzyme NlaIII is used to digest this cDNA, and Illumina adaptor 1 is ligated. MmeI is used to digest at 17 bp downstream of CATG site; Illumina adaptor 2 is ligated at 3' end. After linear PCR amplification, fragments are purified by PAGE.
DGE sequencing evaluation
Sequencing-received raw image data were transformed by base calling into sequence data, termed raw data or raw reads. Raw reads have 3' adaptor fragments, some low-quality sequences, and several types of impurities. Raw sequences were transformed into Clean Tags after data-processing: 3' adaptor sequence removal (since the tags are 21 nt while the sequencing reads are 49 nt, raw reads have 3' adaptor sequences); empty read removal (reads with only 3' adaptor sequences but no tags); low quality tags removal (tags with unknown sequences, "N"); removal of tags that are too long or short, leaving only tags of 21 nt; removal of tags with a copy number of 1 (probably sequencing errors). These various processing steps generated the clean tags. Following "Sequence Quality Assessment" and "Saturation Analysis of Sequencing", we could assess the sequencing data.
Screening and annotation of DEGs
Our partners provided us with virtual libraries containing all possible CATG+17 base length sequences of the reference gene sequences. All clean tags were mapped to the reference sequences and only 1-bp mismatch was allowed. Clean tags mapped to reference sequences from multiple genes were filtered. The remaining clean tags were designated unambiguous clean tags. The number of unambiguous clean tags for each gene was calculated and then normalized to the number of transcripts per million clean tags. The other four gene expression annotations of symbol, description, blast nr, and transcript ID do not appear in every result; part of these four gene expression annotations are integrated into reference gene information. Referring to "The significance of digital gene expression profiles", we developed a rigorous algorithm to identify DEGs between two samples. P value corresponds to a differential gene expression test. False discovery rate (FDR) is a method to determine the threshold of P value in multiple tests and analyses through manipulating the FDR value. Detection of DEGs across samples was performed according to the previous description (Yoav et al., 2001) . Genes were deemed to show significant differential expression with an "FDR ≤ 0.001 and absolute value of log2 ratio ≥ 1" in DGE profiles. Further stringent criteria with smaller FDRs and bigger fold-change values can be used to identify DEGs. The data were statistically analyzed using the WEGO software. WEGO is a useful tool for plotting Gene Ontology (GO) annotation results. It has been widely used in many important biological research projects, such as the rice genome project and the silkworm genome project. It has become one of the daily tools for downstream gene annotation analysis, especially when performing comparative genomics tasks.
GO functional enrichment analysis of DEGs
GO is an internationally standardized system for classifying gene function; it offers a controlled vocabulary and strictly defined concepts to describe the properties of genes and their products in any organism. GO has three divisions: molecular function, cellular component, and biological process. In gene expression profiling analysis, GO enrichment analysis of functional significance applies a hypergeometric test to map all DEGs to terms in the GO database, looking for significantly enriched GO terms compared to the whole genome. The calculating formula is:
where N is the number of all genes with GO annotation; n is the number of DEGs in N; M is the number of all genes that are annotated to particular GO terms; m is the number of DEGs in M. In the current study, we used a corrected P value = 0.05 as the threshold to judge significantly enriched GO terms in DEGs.
Pathway enrichment analysis of DEGs
Genes generally cooperate with each other to produce biological function. Pathway-based analysis helps to provide insights into the biological functions of genes. Pathway enrichment analysis identifies significantly enriched metabolic pathways or signal transduction pathways in DEGs compared to the whole genome. The calculating formula is the same as that used in the GO analysis. Pathways with a Q value ≤ 0.05 were considered to be significantly enriched in DEGs.
Quantitative real-time PCR
cDNA from pBMECs was reverse transcribed using TRIzol reagent following the manufacturer protocol (Tiangen). Real-time RT-PCR was then performed with SYBR Premix Ex Taq (Takara) using the ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, USA). The total reaction volume of 20 μL included 10 μL 2X SYBR Premix Ex TaqII, 0.8 μL 10 μM sense forward primers, 0.8 μL 10 μM antisense forward primers, 0.4 μL 50X ROX Reference Dye, 2.0 μL cDNA template, and 6.0 μL dH 2 O. Sense and antisense primers for the tested genes are shown in Table 1 . The reaction conditions were as follows: 95°C for 30 s, followed by 40 cycles at 94°C for 5 s, 60°C for 34 s, and 95°C for 60 s. Relative expression levels were normalized against glyceraldehyde-3-phosphate dehydrogenase.
RESULTS
Analysis of DGE libraries
To identify changes in gene transcription in pBMECs after bacterial infection, we used a tag-based transcriptome sequencing method with the Solexa/Illumina DGE system. Four DGE libraries were produced: control library and one library from each of the bacterial species used for infection. The chief characteristics of these libraries are summarized in Table 2 . We obtained approximately 4.9 million total sequence tags per library and approximately 0.22 million distinct tag sequences. "Tags Containing N" indicates the number of tags that contained N of the total tags and distinct tags. The number of tags that contained N was approximately 0.015 million and 0.007 million. We filtered out the 3' adaptor sequences, empty reads, low-quality tags, and tags with a copy number of 1, leaving approximately 4.8 million clean tags per library.
Heterogeneity and redundancy are significant characteristics of mRNA expression. In analyzing the depth of the distribution of the ratio of distinct tag copy numbers between two TCTCCTTCCTCCTGGTTGC  AGGGCATTGGCATACGAG  232  NM_001166608  CTGCTGACGGGCTTTACC  TCGGCATAGTCCAGGTAG  286  BC123753  CTTCTACGACGATGCCCTCA  ATGCCCGTTGCTGGACTG  238  BC120191  TCGTCGTCGTCGTCCTCGTT  CTCCGCCGGGTGTTTGCCCGGGG  183  BC133404  CTCCGCCGCTTCTTCTTCT  CTCCACTTGGCTTTGCATACTACTC  156  BC103346  AAACCTGCTACAACCCTCT  TGCTCTTCAGCCCAAA  192  XM_869007  CAACAAAATCTATGACAAAATGAAG  AGCCACTGCCGCACAACTC  273  BC153216  CGCCTGCTGCTGACGGGCACACCA  GCAACTGAGCCTCCACTTCCTTCTT  250  U25688  AAACCGCAGAGGAAGAAGA  GAGGGCGTCATAGGTGTCCTTGGT  180  BC142216  GCTGTGGCGAGTGTTAG  GATTGTGAGCGGTGTCG  237  U95811  AATGCTGCTCCTGCTCC  GTGGCTATGACTTCGGTTT  174  M37210  AGTCCCTGACCTCTTT  TGCCACCATCACCACA  217  BC123885  TCCTCGCCTGTTGATA  TTTGATGCCAGTGTTC  148  X58256  AGATGCTGAAACCCTG  GTGAAGGTCAAGGGTG  213  BC140659  TGGTGGTGGTTGGAGC  AGCCTTCGCCTGTCCTC  216  BC123466  TCCTTCCACCAATCAA  AGCCCTGTAGTTAGCC  312  BC148142  TGCGGCTTCAGCAACG  ACTTGCGGGATGGTGGG  137  BC151327  TTCAGCAGAAGGTCCGAGTG  GTCCTCCGTCTCCGACCTGGAAAAC  188  BC142430 ACCACCGCCAACTACGACCAGGA CTAAGCCCAGCGCGTGGCCAAAC 283 All Mapping represents the number of all tags mapped to the Unigenes virtual tag database, Unambiguous Mapping represents the number of unambiguous tags mapped to the Unigenes virtual tag database, and Unambiguous Tags indicates tags matched only to 1 gene. libraries, we determined that the number of distinct tags within 5 was approximately 99.05% of the total distinct tags (Figure 2) . Figure 2 . Saturation evaluation of different expression. K96: pPBME cells infected with Klebsiella pneumoniae strain; S108: pPBME cells infected with Staphylococcus aureus strain; E23: pBMECs infected with Escherichia coli strain, C: the non-infected pBMECs. Saturation analysis of capacity of libraries showed that new emerging distinct tags were gradually reduced with increasing of total sequence tags when the number of sequencing tags was big enough.
Identification of DEGs following bacterial infection
Initially, we compared gene expression profiles between uninfected controls and pBMECs infected with E23. Using the criteria of P value < 0.005, FDR ≤ 0.001, and absolute log2 ratio > 1 (Figure 3) , we identified 16,019 transcripts that were differentially expressed; these transcripts represent 587 unique genes. Of these transcripts, 9283 (representing 464 unique genes) were upregulated and 6736 (representing 123 unique genes) were downregulated.
The numbers of significant DEGs in the comparisons between controls and cells infected with either K96 or S108 are summarized in Figure 3 . S108-infected cells had the largest number of DEGs, while E23-infected cells had the fewest.
Comparison of gene expression profiles in cells infected with S108 or E23 identified 16,186 differentially expressed transcripts, comprising 517 unique genes (Figure 3 ). Of these transcripts, 8306 (representing 288 unique genes) were upregulated and 7880 (representing 229 unique genes) were downregulated.
The comparison of S108-vs K96-infected cells and of E23-vs K96-infected cells is also shown in Figure 3 . A larger number of DEGs was found in the comparison E23 vs K96 compared to S108 vs K96.
GO and cluster of orthologous groups of proteins (COG) functional enrichment analysis of DEGs
GO is an internationally standardized classification system of gene function and covers three domains: cellular component, molecular function, and biological process. We analyzed the changes in the functional domains of DEGs between all pairs of treatment groups (C vs E23, C vs K96, C vs S108) based on the GO database (Table S1 ). We focused on GO terms with a corrected P value ≤ 0.05 (Table 3 and Figure 4) . Comparison of C vs K96 and C vs S108 identified DEGs with similar biological processes with regard to cellular metabolic process and metabolic process, and C vs E23 had non-common biological processes with C vs K96 and C vs S108 ( Figure 5 ). Differentially expressed genes between libraries. K96: pPBME cells infected with Klebsiella pneumoniae pneumoniae strain; S108: pPBME cells infected with Staphylococcus aureus strain; E23: pBMECs infected with Escherichia coli strain, C: the non-infected pBMECs. "FDR ≤0.001 and the absolute value of log2 ratio ≥1'' was used as the threshold to judge the significance of gene expression difference.
To more accurately annotate the gene functions, we aligned the unigenes to the COG database to identify homologous genes in C vs E23, C vs K96, and C vs S108. In C vs E23, 3525 unigenes were annotated and assigned to 23 COG classifications ( Figure  6 and Table S2 ). Among the functional classes, the "Translation, ribosomal structure and biogenesis" cluster constituted the largest group (180, 20.9%) followed by "General function prediction only" (115, 13.3%) and "Replication, recombination and repair" (72, 8.4%); the two smallest groups were "RNA processing and modification" (1, 0.1%) and "Defense mechanisms" (1, 0.1%).
In C vs K96, 3560 unigenes were annotated and assigned to 23 COG classifications ( Figure 6 and Table S2 ). Among the functional classes, the "Translation, ribosomal structure and biogenesis" cluster constituted the largest group (202, 22.7%) followed by "General function prediction only" (125, 14.0%) and "Replication, recombination and repair" (73, 8.2%); the two smallest groups were "Extracellular structures" (1, 0.1%) and "Defense mechanisms" (2, 0.2%).
In C vs S108, 5641 unigenes were annotated and assigned to 24 COG classifications ( Figure 6 and Table S2 ). Among the functional classes, the "Translation, ribosomal structure and biogenesis" cluster constituted the largest group (263, 18.30%) followed by "General function prediction only" (211, 14.7%) and "Replication, recombination and repair" (120, 8.4%); the two smallest groups were "Extracellular structures" (2, 0.1%) and "RNA processing and modification" (3, 0.2%).
GO functional enrichment analysis of DEGs in infected cells
We used the WEGO software to perform the GO functional enrichment analyses of E23 vs K96, S108 vs E23, and S108 vs K96 (Table S3) . We found that genes in S108 vs K96 were enriched with regard to macromolecule catabolic process, while genes from E23 vs K96 and S108 vs E23 were not enriched in any GO function.
Pathway enrichment analysis of DEGs in control and infected cells
The functional effects of the gene expression changes associated with bacterial infection were investigated by a pathway analysis of DEGs based on the KEGG database ( Figure 5 and Table S4 ). We filtered the data for DEGs that were significantly enriched with a Q value ≤ 0.05. In C vs E23, we assigned 385 DEGs to 183 KEGG pathways ( Figure 5 and Table S4 ). The enriched pathways included the nucleotide-binding oligomerization domain (NOD)-like receptor signaling pathway (12, 3.1%), which is linked to immune responses. Other enriched pathways were oxidative phosphorylation (20, 5.2%), Parkinson's disease (20, 5.2%), metabolic pathways (67, 17.4%), shigellosis (11, 2.9%), Alzheimer's disease (16, 4.2%) and hepatitis C (12, 3.12%), which are related to metabolism.
In C vs K96, 431 DEGs were assigned to 184 KEGG pathways, 4 of which were significantly enriched: oxidative phosphorylation (20, 4.6%), Parkinson's disease.
In C vs S108, 626 DEGs were assigned to 199 KEGG pathways, 2 of which were significantly enriched: oxidative phosphorylation (22, 3.5%) and Parkinson's disease. Table 3 . GO functional enrichment analysis of each Staphylococcus aureus strain infection. 
DISCUSSION
E. coli and K. pneumoniae are the most important pathogenic bacteria in bovine clinical mastitis, while S. aureus generally induces subclinical mastitis. However, little is known about the molecular mechanisms underlying the different host response patterns caused by these bacteria. In this study, we analyzed the global gene expression changes in bovine mammary epithelial cells infected with S. aureus, E. coli, or K. pneumoniae. S. aureus can provoke clinical mastitis but more frequently causes subclinical infections that tend to become chronic and difficult to eradicate by conventional antimicrobial therapies. The frequent failure of both the innate immune system and antibiotics to prevent infection and destroy the pathogens in the Figure 6 . Clusters of orthologous group (COG) classification of the unigenes. K96: pPBME cells infected with Klebsiella pneumoniae strain; S108: pPBME cells infected with Staphylococcus aureus strain; E23: pBMECs infected with Escherichia coli strain. mammary glands is the reason why S. aureus bovine mastitis poses such a major challenge to dairy producers.
Infection with S108, K96, and E23 yielded 944, 664, and 587 DEGs from pBMECs, respectively ( Figure 5 ). Of the 944 DEGs after S108 infection, we found upregulation of nuclear respiratory factor 1 (NRF1), Bos taurus interleukin 8 (IL-8) , B. taurus solute carrier family 2, B. taurus chemokine (C-X-C motif) ligand 5 (CXCL5), B. taurus nuclear factor I/B, B. taurus E74-like factor 3 (ets domain transcription factor, epithelial-specific), bovine interleukin 1-alpha (IL-1-alpha) , B. taurus chemokine (C-C motif) ligand 5, B. taurus chemokine (C-X-C motif) receptor 7 (CXCL7), B. taurus glucose transporter type I, B. taurus Josephin domain containing 1, B. taurus target of EGR1, B. taurus APEX nuclease (multifunctional DNA repair enzyme) 1, B. taurus IK cytokine, and B. taurus plakophilin 3; we also found downregulation of B. taurus transforming growth factor beta regulator 1, B. taurus programmed cell death 2-like (PDCD2L), B. taurus RAB3A, B. taurus RAB1B, and B. taurus praja 1.
NRF1 encodes a protein that can homodimerize and function as a transcription factor to activate expression of key metabolic genes involved in a wide range of processes, such as cell growth, and respiration, heme biosynthesis, mitochondrial DNA transcription and replication, and neurite outgrowth. Alternate transcriptional splice variants, which encode the same protein, have been characterized. IL-8 is a chemokine produced by macrophages and other cell types such as epithelial cells, airway smooth muscle cells (Hedges et al., 2000) and endothelial cells. Endothelial cells store IL-8 in their storage vesicles, the Weibel-Palade bodies (Utgaard et al., 1998; Wolff et al., 1998) . IL-8 can be secreted by any cells with tolllike receptors that are involved in the innate immune response. Macrophages are usually the first cells to respond first to an antigen and, thus, to release IL-8 to recruit other cells. Both monomeric and homodimeric forms of IL-8 are potent inducers of the chemokine receptors CXCR1 and CXCR2. CXCL5 is a small cytokine belonging to the C-X-C chemokine family and is also known as epithelial-derived neutrophil-activating peptide 78. It is produced following stimulation of cells with the inflammatory cytokines interleukin-1 or tumor necrosis factor (TNF)-alpha (Chang et al., 1994) . The expression of CXCL5 has also been observed in eosinophils, and can be inhibited with the type II interferon IFN-γ (Persson et al., 2003) . This chemokine stimulates chemotaxis in neutrophils possessing angiogenic properties. These genes are related to metabolic and innate immune responses and were both found to be upregulated here. Over-expression of B. taurus PDCD2L suppresses AP1, CREB, NFAT, and NF-kB transcriptional activation, and delays cell cycle progression at S phase (Chen et al., 2008) ; PDCD2L was found to be downregulated here. Thus, in pBMECs infected by S108, metabolic and innate immunity response related genes showed upregulation and cell cycle related genes were downregulated.
In the comparison C vs S108, 58 immune system process genes showed differential expression: 40 were upregulated and 18 were downregulated ( Table S5 ). The greatest upregulation was observed for B. taurus IL-8; NOD1 was the most downregulated gene. NOD1 is a member of the NOD-like receptor protein family and is a close relative of NOD2. It acts as an intracellular pattern recognition receptor, and is similar in structure to the disease resistance proteins of plants. NOD1 mediates innate and acquired immunity by recognizing bacterial molecules containing a d-glutamyl-meso-diaminopimelic acid (iE-DAP) moiety. Stimulation of NOD1 by iE-DAP containing molecules results in activation of the transcription factor NF-κB.
In the comparison C vs K96, 664 DEGs were identified: we found upregulation of TNF is a monocyte-derived cytotoxin that has been implicated in tumor regression, septic shock, and cachexia (Kriegler et al., 1988) . The protein is synthesized as a prohormone with an unusually long and atypical signal sequence, which is absent from the mature secreted cytokine. A short hydrophobic stretch of amino acids serves to anchor the prohormone in lipid bilayers. Both the mature protein and a partially processed form can be secreted after cleavage of the propeptide (Cseh and Beutler, 1989) . TGF-β1 is a polypeptide member of the transforming growth factor beta superfamily of cytokines. It is a secreted protein that performs many cellular functions, including the control of cell growth, cell proliferation, cell differentiation, and apoptosis. TGF-β1 plays an important role in controlling the immune system, and shows different activities on different types of cell, or cells at different developmental stages. Most immune cells (or leukocytes) secrete TGF-β1. Some T cells (e.g., regulatory T cells) release TGF-β1 to inhibit the actions of other T cells. IL-1 and IL-2 dependent proliferation of activated T cells (Wahl et al., 1988; Tiemessen et al., 2003) , and the activation of quiescent helper T cells and cytotoxic T cells, is prevented by the activity of TGF-β1. Similarly, TGF-β1 can inhibit the secretion and activity of many other cytokines including IFN-γ, TNF-alpha, and various interleukins. It can also decrease the expression levels of cytokine receptors, such as the IL-2 receptor to downregulate the activity of immune cells. However, TGF-β1 can also increase the expression of certain cytokines in T cells and promote their proliferation, particularly if the cells are immature. TGF-β1 has similar effects on B cells that also vary according to the differentiation state of the cell. It inhibits proliferation and stimulates apoptosis of B cells, and plays a role in controlling the expression of antibodies, transferrin and major histocompatibility complex (MHC) class II proteins on immature and mature B cells (Lebman and Edmiston, 1999) . These genes are related to apoptosis and the immune system, and both were found to be upregulated in our study. T cell receptor (TCR) is found on the surface of T lymphocytes (or T cells) and is responsible for recognizing antigens bound to MHC molecules; TCR was found here to be downregulated. Our analyses indicate that pBMECs infected by K96 showed upregulation of genes associated with innate immunity responses, while cell cycle related genes were downregulated.
In the comparison C vs K96, 51 DEGs associated with immune system processes were identified: 43 were upregulated and 8 were downregulated ( Table S5 ). The highest level of upregulation was observed in B. taurus TNF, while B. taurus ferritin heavy chain-like was the most severely downregulated. B. taurus ferritin heavy chain-like binds to the intracellular membranes of organelles and plays a role in transition metal ion binding and oxidoreductase activity.
In the comparison C vs E23, 587 DEGs were identified. B. taurus IL-8, bovine IL-1-alpha, CXCL5, CXCL7, B. taurus TNF-receptor I, interleukin 3 (IL-3), and B. taurus nuclear factor (erythroid-derived 2)-like 2 were upregulated and B. taurus early growth response 1 and B. taurus eukaryotic translation initiation factor 5 (EIF5) were downregulated.
IL-3 is an interleukin, a type of biological signal (cytokine), that can improve the natural responses to disease as part of the immune system. It acts by binding to the IL-3 receptor to stimulate the differentiation of multi-potent hematopoietic stem cells into myeloid progenitor cells or, with the addition of IL-7, into lymphoid progenitor cells. In addition, IL-3 stimulates proliferation of all cells in the myeloid lineage (granulocytes, monocytes, and dendritic cells), in conjunction with other cytokines, e.g., erythropoietin, granulocyte macrophage colonystimulating factor, and IL-6. It is secreted by basophils and activated T cells to support growth and differentiation of T cells from the bone marrow in an immune response. EIF are proteins involved in the initiation phase of eukaryotic translation. They function by forming a complex with the 40S ribosomal subunit and Met-tRNA i , the 43S preinitiation complex (PIC), that recognizes the 5ꞌ cap structure of mRNA and recruits the 43S PIC to mRNA. Recruitment promotes ribosomal scanning of mRNA and regulates the recognition of the AUG initiation codon and the joining of the 60S ribosomal subunit to create the 80S ribosome. There are more EIFs than prokaryotic initiation factors due to greater biological complexity of eukaryotic cells. pBMECs infected by E23 showed upregulation of genes related to innate immunity responses and downregulation of cell cycle related genes.
In the comparison C vs E23, 43 DEGs were identified: 34 showed upregulation and 9 showed downregulation ( Table S5 ). The highest level of upregulation was observed for IL-8, while ferritin heavy chain-like was the most downregulated.
The DEGs induced in pBMECs by infection with E. coli, K. pneumoniae, or S. aureus strains were found to be associated with a number of biochemical pathways implicated in various aspects of metabolism, signal transduction, and pathophysiology. The comparison C vs S108 showed that genes associated with Parkinson's disease and oxidative phosphorylation were enriched. Parkinson's disease results from greatly reduced activity of dopamine-secreting cells due to cell death (Obeso et al., 2008) . Oxidative phosphorylation is the metabolic pathway through which mitochondria generate ATP using membranous structures, enzymes, and energy released by the oxidation of nutrients. Our results indicate that pBMECs infected by S. aureus had significant changes to their metabolic pathways.
In the comparison C vs E23, genes for oxidative phosphorylation, Parkinson's disease, NOD-like receptor signaling pathway, metabolic pathways, shigellosis, Alzheimer's disease and hepatitis C were enriched. NOD-like receptors (NLRs) are intracellular sensors of pathogenassociated molecular patterns that enter the cell via phagocytosis or through pores and of damage-associated molecular patterns associated with cell stress. They are part of the pattern recognition receptor system and play key roles in regulation of innate immune responses. NLRs can cooperate with toll-like receptors to regulate inflammatory and apoptotic responses. They are found in lymphocytes, macrophages, dendritic cells, and also in nonimmune cells, e.g., the epithelium (Franchi et al., 2009) . Our results showed that pBMECs infected by E. coli were not only changed in their metabolic pathways, but also in their innate immune response pathways.
In the comparison C vs K96, genes for oxidative phosphorylation, Parkinson's disease, apoptosis and the NLR signaling pathway were enriched. Apoptosis (programmed cell death) is an essential part of normal development in multicellular organisms but is also induced by disease (Green, 2011) . Biochemical events lead to characteristic changes in cell morphology and to their eventual death. These changes include blebbing, cell shrinkage, nuclear fragmentation, chromatin condensation, and chromosomal DNA fragmentation. In contrast to necrosis, a form of traumatic cell death that results from acute cellular injury, apoptosis confers advantages during an organism's life cycle. TNF is a cytokine mainly produced by activated macrophages and is the major extrinsic mediator of apoptosis; in addition, caspases play a central role in the transduction of death receptor apoptotic signals. Caspases, cysteine-dependent aspartatespecific proteases, are highly conserved. There are two types of caspase: initiator caspases (caspases 2, 8, 9, and 10) and effector caspases (caspases 3, 6, and 7). Our results showed that pBMECs infected with K. pneumoniae not only showed metabolic pathway and innate immune response pathway changes but also changes to the apoptosis pathway.
In summary, we performed a comprehensive gene expression analysis in pBMECs. Although the treatment of mastitis caused by E. coli, K. pneumoniae or S. aureus strains remains unclear, the transcriptome and DGE data produced here offer valuable insights regarding the immune response, apoptosis and metabolic pathway changes that are induced by agents causing mastitis and will assist in elucidation of the underlying molecular mechanisms of this livestock disease.
